1. The change in total body calcium content after surgery for primary hyperparathyroidism was studied in seven patients by whole body neutron activation analysis. Three patients who remained in the uncontrolled state for up to 12 months were also studied by this technique.
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body calcium may be taken as representative of changes in calcified bone mass. Such a determination made on the whole skeleton would, when measured over a period of years, define the rate and pattern of change in bone mineralization during the evolution or healing of metabolic bone disease. The description of whole body neutron activation analysis (Anderson, Osborn, Tomlinson, Newton, Rundo, Salmon & Smith, 1964a) and its application to the study of total body calcium (Palmer, Nelp, Murano & Rich, 1968; Chamberlain, Fremlin, Peters & Philip, 1968; Chamberlain, Fremlin, Holloway & Peters, 1970; Cohn, Dombrowski & Fairchild, 1970; Cohn & Dombrowski, 1971 ) raises the possibility of following changes in the body content of this element.
In the present paper the measurement of sequential changes in total body calcium and the application of this technique to the study of primary hyperparathyroidism are described.
E X P E R I M E N T A L

Patients
Ten cases of primary hyperparathyroidism were studied. Six presented with renal calculi and, of these, five had no evidence of bone involvement as judged by clinical, biochemical or radiological findings. One patient presenting with dyspepsia and another with alopecia were both found to be hypercalcaemic on routine investigation, but neither had evidence of renal or bone involvement. Two patients were seen because of bone pain; one had only slight elevation of the serum alkaline phosphatase and normal bone radiology. The other, and one of the patients with renal calculi, had radiological changes in the bones and elevation of the All patients underwent surgical exploration. Chief cell adenomas were removed from six, and mixed cell tumours from two patients (Table 1) . No parathyroid tissue could be found in D.R., despite exploration of the neck and clearance of the mediastinum. In the case of E.V.G., during exploration of the neck and clearance of the mediastinum, parathyroid tissue was removed but the serum calcium concentration decreased only temporarily and after a few days had returned to the previously high value. She received no treatment in the following 12 months but was then treated with Na,HP04 (10 g daily) and subsequently underwent further surgery, when two parathyroid adenomas were removed.
The dangers, particularly of renal damage, associated with untreated hypercalcaemia precluded delay in surgical treatment while total body calcium measurements were made. However, three patients were studied for considerable periods in the untreated state, in two (D.R. and E.V.G.) because surgery had failed to demonstrate or to completely remove abnormal parathyroid tissue and in one (M.B.) because the diagnosis had remained in doubt.
Sequential measurements of total body calcium were made at approximately 6-monthly intervals. A total of thirty-eight individual studies were made over periods of up to 2 years after parathyroidectomy .
Methods
Neutron activation. In vivo neutron activation producing the radionuclides 49Ca and 24Na was used to measure changes in total body calcium. The theoretical and practical details of this technique have been described (Chamberlain et al., 1970) . Changes in total body calcium, based upon measurements of induced 49Ca radioactivity, were assessed by studying the patients at approximately 6-monthly intervals, using the neutron activation facility attached to the Nuffield Cyclotron in the Department of Physics, University of Birmingham. The total radiation dose given is 3-4 remlyear. This aspect of the project is discussed more fully by Bush (1972) .
Measurement of 49Ca radioactivity. The induced radioactivity is measured in a whole-body counter of the steel room, low background type which incorporates four 12.1 cm x 10.2 cm thallium-activated NaI crystals mounted in fixed positions above and below a bed upon which the subject lies. The 49Ca and 24Na radioactivities are measured simultaneously and given as the mean of three consecutive 256 s counting periods. The counting rates are obtained by finding the best fit, using a least-squares method of analysis, of the activation spectrum to that of standard spectra generated by the neutron activation of separate polypropylene tubes containing CaCO, and NaNO,. The induced 49Ca radioactivity, measured over the range 2.92-3.30 MeV produces approximately 4000 counts above background/256 s, the precise value depending on neutron dose and total body calcium content. It is expressed as counts/256 corrected for radioactive decay (half-life 8.9 min) to an arbitrary zero taken as the point of completion of activation.
Neutron counting. The neutron dose received by the irradiated subject is recorded by a boron trifluoride-filled ionization chamber placed in a fixed position below the activation couch. The total neutron count is displayed in digital form in the cyclotron control room and bears a fixed relationship to the neutron flux incident on the subject. This type of ionization chamber only responds to slow neutrons and has therefore been surrounded by a thick layer of wax moderator and gives a flat response to incident neutrons in the energy range 0.3-10 MeV. The duration of irradiation is fixed at 316 s and the neutron dose for the purpose of calculation is taken as the total recorded during this period.
Mode of expression of measurements. Expression of total body calcium in absolute units demands uniformity of the activating neutron flux and uniformity of response of the wholebody counter (Cohn & Dombrowski, 1971) to ensure that skeletal calcium is activated and counted with a constant efficiency irrespective of its spatial distribution in the body. Alternatively, non-uniformity of activation might be matched exactly to non-uniform detection.
A sequential method of expression is independent of these two factors. Each measurement of total body calcium is given as the ratio of the induced 49Ca radioactivity to the total neutron dose received. Providing that the slow neutron distribution through the body is the same on each occasion of study, then these measurements can legitimately be compared since the counting efficiency in the whole-body counter (unique for that particular subject's body shape) will also be the same. This remains true only if the energy spectrum of the incident neutrons and all other features of the techniques are unaltered on each occasion of study. In the present study, it is the change in total body calcium content which is determined, rather than its absolute value. This is defined in terms of the initial value which is arbitrarily taken as loo%, although it is, of course, subject to the same errors as all the other measurements. In these circumstances, the reproducibility of the technique becomes the critical factor.
It should be emphasized that none of these measurements has intrinsic value in itself and, although bearing a direct relationship to the total body calcium content, this cannot be further quantitated. The method of expression permits rate and pattern of change to be compared between different subjects in a clinically useful form (Hosking, Chamberlain, Fremlin & James, 1972) . It does not allow the definition of normality or otherwise of any total body calcium measurement. However, until the normal values of total body calcium are defined over a full range of age and bodily habitus for both sexes, an absolute method of expression holds no immediate advantage in this respect.
Reproducibility studies. The precision of this form of expression of total body calcium content depends on both the statistical errors of counting and on constancy of technique. The Medical Research Council advised against the repeated activation of normal volunteers in whom total body calcium might be expected to remain constant. Determination of the reproducibility of this technique was therefore made using a female cadaver, height 168 cm, weight 75 kg. Care was taken to obtain a subject in a well-nourished state at the time of death (due to an acute respiratory illness in a patient with no history or signs of previous disease), so as to be representative of the bodily habitus of the living subjects studied. The cadaver was activated and counted on eight separate occasions over a 4-month period, the procedure adopted differing in no respect from that for the living subjects (Chamberlain et al., 1970) . The variation of these measurements about the mean indicates the level at which a detected change in total body calcium might be regarded as significant.
Biochemistry and radiology. Serum and urinary calcium was measured by the cresolphthalein complexone technique (Kessler & Wolfman, 1964) and serum alkaline phosphatase by a modification of the King-Kind technique (Axelsson, Ekman & Knutsson, 1965) . The normal range for serum calcium is taken as 9-10.5 mg/100 ml and for serum alkaline phosphatase as 5-14 K.A. units/100 ml.
R E S U L T S
Reproducibility studies
for the induced 49Ca activity in relation to the neutron dose of
The results of repeated study of a single cadaver (Table 2) showed a coefficient of variation 1.7%. Correcting for the small sample size of eight observations using a t value of 2.365 (Hill, 1971) gives a figure of +4% for the 95% confidence limits about the mean. From these results we are encouraged to believe that a change in total body calcium greater than 4% would be detectable by this technique. This measurement can legitimately be applied to the living subject since, although the rigidity of the cadaver makes reproducible positioning simple, the posture required of the patient is in practice a comfortable one and easily maintained. Further, the fast-neutron flux is uniform over such a volume as to make minor variations in positioning from study to study unimportant (Chamberlain et al., 1970) . The neutron dose is given as total dose received during the activation period (316 s).
Changes in total body calcium content
The changes in total body calcium content are shown in Fig. 1 , and in Table 3 , which also includes the results of biochemical measurements.
The response to parathyroidectomy was variable. Three cases showed an immediate increase in total body calcium. In one of these (M.B.) the diagnosis had been in doubt and three measurements had been done pre-operatively, demonstrating a 13% decrease in total body calcium over 15 months. There was no immediate change in two patients who then showed an increase in the second 6 months after surgery.
Surgical treatment was unsuccessful in two patients (D.R. and E.V.G.). In D.R., there was no change in total body calcium over a 12 month period, despite continuing hypercalcaemia (mean : 13.8 ; range : 134-14.4 mg/100 ml) and variable hypercalciuria (mean : 369 ; range : 280-462 mg/24 h). In the other patient (E.V.G.), over a similar period, total body calcium content fell by 3004. The subsequent increase of almost 10% in the next 18 months coincided with treatment with Na,HPO, and in general better control of the hypercalcaemia (mean: 10-6; range: 10.1-1 1.5 mg/100 ml). Successful parathyroidectomy was done 30 months after commencing the study, when a 10% increase in total calcium content occurred in the following 6 months. In three cases there was decrease in total body calcium content after surgery, despite histologically confirmed parathyroid adenomata being removed and return of the serum calcium to normal although hypercalciuria persisted (Table 3) . One patient was only followed up for 6 months, but in the other two total calcium content began to increase 6 (M.P.) and 15 (J.S.) months post-operatively and this was associated with a decrease in the urinary excretion of calcium. In neither case has the total body calcium content increased to the value at the time of operation.
There was no correlation between the post-operative changes in total body calcium content parathyroid size and histology, nor with the mode of clinical presentation.
DISCUSSION
The pathogenesis of the bone disease of primary hyperparathyroidism has been discussed by several groups. Albright & Reifenstein (1948) considered it was due to a poor dietary intake of calcium, but Dent, Hartland, Hicks & Sykes (1961) demonstrated that there was no significant difference between the dietary calcium intake of those with and those without bone disease. However, Hodgkinson (1963) showed that, in primary hyperparathyroidism, there is an increase in the proportion of dietary calcium which is absorbed and that some patients, without clinical evidence of bone disease, are virtually in calcium balance, despite hypercalciuria. It was suggested that the extent of the bone changes depended in part on the ability of the individual to utilize dietary calcium. This would explain the finding of a constant total body calcium content in one of our cases, where parathyroidectomy had been unsuccessful and hypercalcaemia and hypercalciuria had continued unabated. Presumably, increased losses of calcium in the urine were being offset by an increased gastrointestinal absorption. A similar pattern of response was shown by one case in the calcium balance study of Anderson et al. (1964b) . On an intake of 1100 mg of calcium, the urinary excretion was high, in the region of 650 mg/day, the faecal calcium low and the patient virtually in balance. The finding that some patients with hyperparathyroidism are maintaining a steady bone calcium content might seem inconsistent with the high incidence of bone involvement found in this disease by other groups, using microradiographic or turnover techniques (Ascenzi & Marinozzi, 1961 ; Riggs et a/., 1965; Fraser el al., 1960; Smeenk, 1961) . However, if the increased bone resorption of hyperparathyroidism is balanced by increased deposition then the total amount of skeletal calcium may well remain unchanged.
In three cases an increase in total body calcium content began immediately after parathyroidectomy. Only one of these had evidence of bone disease and this emphasizes the relative insensitivity of conventional clinical and radiological criteria for assessing the presence or absence of bone involvement in this condition. More unexpectedly in three cases there was a decrease in total body calcium content after apparently successful parathyroidectomy, perhaps because there had been a failure to remove all the excess parathyroid tissue; however, this explanation would not account for the subsequent increase in total calcium content. In all these cases a single adenoma was removed and the remaining parathyroid glands were identified as being macroscopically normal. It is possible that the adenomas were multiple and that others were left behind, but the post-operative course of all these cases is suggestive of a successful result. Hypercalcaemia disappeared and there has been no recurrence of the initial symptoms which prompted their referral. Fourman & Royer (1968) considered that the role of parathyroid hormone in calcium absorption was too small to be important in the regulation of the plasma calcium. On the other hand, animal experiments have demonstrated that in the presence of adequate supplies of vitamin D (Rasmussen, De Luca, Arnaud, Hawker & von Stedingk, 1963) parathyroid hormone increases the intestinal absorption of calcium (Rasmussen, 1959; Cramer, 1963) . Certainly in the context of hyperparathyroidism this would seem to be an important action of the hormone; if this is so, then post-operative parathyroid insufficiency, due to suppression of the normal parathyroid tissue by a functioning adenoma, may result in deficient calcium absorption for a variable period until the remaining parathyroid tissue can hypertrophy. A slightly negative calcium balance was found by Anderson et al. (1964b) in one of their cases 6 months after parathyroidectomy. In a case described by Dent (1962) calcium balance only became strongly positive after operation once dihydrotachysterol had been given, although there was an element of renal damage in this instance.
During this period of supression, serum calcium concentrations would be maintained by bone resorption and total body calcium content might fall, as it did in three of the present cases. Similarly the continuing high urinary calcium output, normal serum calcium and normal renal function of these three patients is very suggestive of impaired tubular reabsorption of calcium and is possibly due to a state of relative hypoparathyroidism. Significantly, in the two cases followed for a sufficiently long period there was a reduction in urinary calcium excretion by at least 50%, when their total body calcium began to increase.
Assuming a total body calcium content of 1 kg, it is possible to calculate an approximate value for the daily negative calcium balance necessary to account for the observed decrease in total body calcium after surgery. In each of the three cases, the value obtained is very similar to that for the average daily urinary loss of calcium (Table 3) . If the decrease in total body calcium is to be explained almost entirely by losses in the urine, then this implies little net absorption of dietary calcium. It seems at least possible that the decrease in total body calcium, the relatively high urinary excretion of calcium and the presumed malabsorption of dietary calcium are all consistent with a state of relative hypoparathyroidism after removal of a parathyroid adenoma. This would imply a difference in responsiveness of bone and the gastrointestinal tract to parathyroid hormone, but the mechanisms of integration of the various actions of parathyroid hormone are not fully understood (Rasmussen, 1961) . The variable period before total body calcium content begins to rise might reflect differences in the ability of the remaining parathyroid tissue to resume its normal functioning mass.
The two cases whose total calcium content remained static for 6 months before increasing may well differ only in degree from those who demonstrated an initial decrease. Their parathyroid tissue may have been less suppressed or made a quicker return to normal functioning mass. In the three cases where total calcium began to rise immediately after surgery, a rapid recovery from parathyroid suppression might be assumed.
The change in total calcium in the single case treated with Na,HP04 after unsuccessful parathyroidectomy requires some explanation. In the first 12 months without treatment there was a 30% decrease in total body calcium content and at times the urinary calcium excretion was in excess of 1000 mg/day. This finding is fairly consistent with evidence from conventional calcium balance experiments where the majority of patients were in a negative calcium balance of around 200-600 mg/day (Anderson ef al., 1964b) . In our patient the negative calcium balance can be calculated at about 800 mg/day. In the next 18 months regular therapy appears to have reversed this downward trend and the rise in total calcium content is statistically significant. This suggests that lowering the serum calcium content by a high phosphate diet was associated with a net influx of calcium into the bone and that its action is not solely mediated through a decrease in calcium absorption. Similar findings were reported by Dent (1962) , where phalangeal erosions in a case of hyperparathyroidism were seen to heal with a high phosphate diet.
The inability to make an absolute measurement of total body calcium and to know its significance for a particular individual is unfortunate in view of the work of Kalu, Pennock, Doyle & Foster (1970) , who demonstrated the development of osteosclerosis due to an increase in metaphyseal bone in rats given repeated injections of parathyroid hormone. It is conceivable that the decrease in total body calcium content after parathyroidectomy that we found reflects a return of total body calcium to normal after its increase due to the effects of excess parathyroid hormone. This would not explain, however, the spontaneous subsequent increase in total body calcium in two of these patients. Osteosclerosis and an increase in metaphyseal bone are also uncommon in adult primary hyperparathyroidism (Doyle, 1966) .
